We recently reported that interferon-α (IFN-α) and 5-fluorouracil (5-FU) combination therapy in advanced hepatocellular carcinoma (HCC) achieved excellent clinical results. However, the mechanism underlying this combination therapy remains to be elucidated. In this study, we examined the anti-tumor effects of IFN-α and 5-FU combination therapy in vivo and aimed to reveal its anti-angiogenic effects by investigating the expression of vascular endothelial growth factor (VEGF) and angiopoietins (Ang-1 and Ang-2). Human HCC cells, HuH7, were subcutaneously injected in nude mice. Ten days later, groups of mice received treatment with IFN-α alone, 5-FU alone, or with a combination of IFN-α and 5-FU for four weeks. Immunohistochemical examinations of proliferating cell nuclear antigen (PCNA), cell differentiation antigen 34 (CD34), Ang-1, -2 and VEGF, terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay and quantification of VEGF, Ang-1 and-2 mRNA using real-time RT-PCR were performed. Results showed that IFN-α and 5-FU combination therapy significantly inhibited the growth of human HCC cells compared with the control group or single agent treatment. The combination therapy decreased PCNA-positive cells as well as microvessel density (MVD) and induced apoptosis of (TUNEL-positive cells) more than other treatment groups. Immunohistochemical analysis revealed that the combination therapy significantly decreased the expression of VEGF and Ang-2 and increased that of Ang-1. The ANG2/ANG1 mRNA expression ratio was significantly lower in the combination therapy group. In conclusion, our results suggested that IFN-α and 5-FU combination therapy has anti-proliferative and anti-angiogenic effects and can induce apoptosis in vivo. The synergistic and anti-angiogenic effects may in part be attributable to the regulation of Ang-1, -2 and VEGF.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignancies worldwide (1) and the fourth highest cause of cancer-related death in Japan. The development of new diagnostic modalities has brought about an earlier diagnosis of small HCC and new therapeutic modalities, such as microwave coagulation therapy and radiofrequency ablation therapy, have improved the prognosis of patients with small HCC. However, the prognosis of patients with advanced HCC, for example those with portal vein tumor thrombus (PVTT) or intrahepatic metastasis, is quite poor and a standard treatment regimen for advanced HCC has not yet been established (2) . Chemotherapy is commonly used for the treatment of various malignancies. However, it is not suitable for HCC because of its resistance to anti-cancer drugs (3) .
The interferons (IFNs) are a family of natural glycoproteins and regulatory cytokines with pleiotropic cellular functions, such as anti-viral, anti-proliferative and immunomodulatory activities (4) (5) (6) . Furthermore, previous reports indicate that IFN-α and IFN-ß have anti-angiogenic activities and downregulate the expression of pro-angiogenic molecules (7) (8) (9) (10) (11) (12) . The efficiency of IFN therapy for various malignancies has been investigated in several clinical trials and the results indicate that it can be effective against some angioproliferative diseases and vascularized malignancies (13) (14) (15) . In HCC, the results of IFN-α monotherapy are not satisfactory and its effects remain controversial (16) . However, in combination with other anti-cancer drugs, promising results were reported by several investigators (17) (18) (19) (20) . In a series of studies, we also reported recently the excellent clinical efficiency of IFN-α and 5-fluorouracil (5-FU) combination therapy for advanced HCC with PVTT and intrahepatic metastasis (21) (22) (23) (24) . The exact mechanism of action of this combination therapy is still unclear. IFN-α enhanced the expression of thymidine phosphorylase in colon cancer cells and the accumulation of fluorodeoxyuridine monophosphate (FdUMP) by inhibition of thymidylate in leukemia cells (25) . We previously showed that the expression of the IFN-α/ß receptor correlated with the growth-inhibitory activity of IFN-α and that IFN-α and 5-FU synergistically inhibited cell proliferation, induced cell cycle arrest (26, 27) and induced apoptosis by regulating the expression of apoptosis-related molecules (28) . We also reported that IFN-α exerted immunomodulatory properties and that tumor necrosis factor-related apoptosis inducing ligand (TRAIL) and its receptor pathway, partially contributed to the anti-tumor effects of IFN-α and 5-FU combination therapy (29) .
The present study was designed to further explore the mechanism of action of IFN-α/5-FU combination therapy in HCC. For this purpose, we established an in vivo nude mouse model of HCC and examined the effect of the treatment on the expression of vascular endothelial growth factor (VEGF) and angiopoietins (Ang-1 and Ang-2).
Materials and methods
Cell line and culture conditions. The hepatocellular carcinoma cell line HuH7 was maintained as an adherent monolayer in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillinstreptomycin mixture. Cell cultures were grown on plastic plates and incubated at 37˚C in a mixture of 5% CO 2 and 95% air.
Reagents. Purified human IFN-α was obtained from Otsuka Pharmaceutical Co. (Tokushima, Japan) and purified 5-FU was obtained from Kyowa Hokko Co. (Tokyo, Japan). We used the following primary antibodies; polyclonal rabbit anti-human VEGF antibody (Santa Cruz Biotechnology, Santa Cruz, CA), polyclonal goat anti-human Ang-1 antibody (Santa Cruz, CA), polyclonal goat anti-human Ang-2 antibody (Santa Cruz, CA), monoclonal mouse anti-human proliferating cell nuclear antigen (PCNA) antibody cloned PC-10 (Dako, Glostrup, Denmark) and polyclonal rat anti-mouse cell differentiation antigen 34 (CD34) antibody (BD Biosciences, Flanklin Lakes, NJ).
Subcutaneous xenograft model in nude mice. Specific, pathogen-free, female athymic nude mice (BAL B/c nu/nu, 4-to 6-week-old) were purchased from CLEA Japan, Inc. (Tokyo, Japan). The mice were maintained under specific pathogen-free conditions in accordance with the institutional guidelines of animal care. HuH7 cells were uniformly seeded into 15 cm dishes and after reaching 80-90% confluence, were briefly treated with 0.25% trypsin and 0.02% ethylenediaminetetraacetic acid (EDTA). Trypsinization was stopped with a medium containing 10% FBS (fetal bovine serum). The cells were washed once with free medium and then resuspended in free medium. The cells (5x10 6 cells/0.1 ml DMEM) were subcutaneously injected in the right flank of each mouse. The IFN/5-FU combination therapy was started after growth of the tumor to 5-7 mm in diameter (10 days after the injection of cells). The dose of IFN-α was based on the results of previous studies (12, 30) and was adjusted so as to match the schedules of IFN-α used recently in clinical studies (20, 23) . The doses and schedules of 5-FU represent the widely used standard clinical regimen (31) (32) (33) . Mice were randomly assigned to one of the four groups as follows; (a) mice of the first group were administered a subcutaneous (SC) injection of IFN-α (20,000 units/body) three times per week, (b) mice of the second group were administered an intraperitoneal (IP) injection of 5-FU (30 mg/kg) three times per week, (c) mice of the third group were admministered an SC injection of IFN-α (20,000 units/body) and an IP injection of 5-FU (30 mg/kg) three times per week and (d) mice of the fourth group were administered SC and IP injections of phosphate buffered saline for the control group three times per week. There were eight mice in each group. Tumor volume was measured twice a week and was calculated using the following formula; (longest diameter) x (shortest diameter) 2 x 0.5. Four weeks after the initial treatment, all mice from each group were sacrificed and tumors were harvested for examination. One part of the tumor was fixed in 10% buffered formalin for immunohistochemical staining, the other part was embedded in optimal cutting temperature (OCT) compound for frozen sectioning and stored at -80˚C. The remainder of the tumor was later placed in RNA (Qiagen, Hilden, Germany) for RNA isolation.
Immunohistochemistry detection of PCNA, VEGF, Ang-1 and Ang-2. Formalin-fixed paraffin-embedded sections were used for immunohistochemical identification of PCNA, VEGF, Ang-1 and Ang-2. Sections measuring 5 μm in thickness were deparaffinized in xylene and rehydrated in a graded series of ethanol baths. The immunostaining procedure was performed using Vectastain ABC peroxidase kits (Vector Labs, Burlingame, CA) as described previously (34) . Briefly, after deparaffinization and rehydration, the sections were treated with an antigen retrieval procedure in 0.01 M sodium citrate buffer (pH 6.0) for 40 min at 95˚C and then incubated in methanol containing 0.3% hydrogen peroxide for 20 min at room temperature to block endogenous peroxidase. All primary antibodies; mouse anti-PCNA (diluted 1:400), rabbit anti-VEGF (diluted 1:100), goat anti-Ang-1 (diluted 1:50) and goat anti-Ang-2 (diluted 1:50), were incubated overnight at 4˚C. After the sections were incubated with biotinylated secondary antibody and peroxidase-conjugated streptavidin, peroxidase reactions were developed with 3,3'-diaminobenzidine tetrachloride (Wako Pure Chemical Industries). For a positive control, we used tissue of a placenta, which expressed VEGF, Ang-1 and Ang-2 proteins (35), was incubated in each staining procedure. For the negative control, nonimmunoreactive rabbit IgG or Tris-buffered saline were applied instead of the primary antibody. The intensity of immunohistochemical staining of VEGF, Ang-1 and Ang-2 was evaluated using MacSCOPE software (Mitani corp., Japan). For quantification of cell proliferation, five microscopic fields were randomly selected at high power magnification (x200) and the average counts of PCNA-positive cells were determined.
TUNEL assay. To detect apoptosis, we used the terminal deoxynucleotidyl transferase-mediated dUTP nick endlabeling (TUNEL) method, using the Apop Tag in situ apoptosis detection Kit (Chemicon International, Inc., Temecula, CA) as described previously (27) . This method can detect fragmented DNA ends of apoptotic cells. Briefly, the paraffin-embedded sections were deparaffinized in xylene and rehydrated in a graded series of ethanol baths. The sections were treated with 20 μg/ml of proteinase K in distilled water for 10 min at room temperature and in methanol containing 0.3% hydrogen peroxide for 20 min to block endogenous peroxidase. The remaining procedures were performed according to the instructions provided by the manufacturer. For the quantification of apoptosis, five microscopic fields were randomly selected at high power magnification (x200) and the average counts of TUNEL-positive cells were calculated.
Identification of microvessel density by CD34 immunohistochemistry.
Frozen sections (8 μm thickness) were fixed in cold acetone for 10 min at -20˚C. The sections were washed in PBS three times for 5 min each and were incubated in methanol with 0.3% hydrogen peroxide for endogenous peroxidase block. Subsequent procedures were the same as for paraffin-embedded sections. Rat polyclonal anti-mouse CD34 antibody (diluted 1:20, BD Bioscience, San Jose, CA) was used as the primary antibody for the detection of tumor vessels. Ten microscopic fields were randomly selected at x100 magnification and the average counts of CD34-positive vessels were determined as the microvessel density (MVD) of an individual tumor.
RNA extraction and quantitative real-time RT-PCR.
Total RNA was extracted from frozen tissues via a single step method using TRIzol reagent (Life Technologies, Gaithersburg, MD). Total RNA (1 μg) was used for reverse transcription and complementary DNA (cDNA) was generated using the Reverse transcription system (Promega, Madison, WI) as described previously (30) . Quantification of mRNA expression of VEGF, ANG1 and ANG2 was performed using a real-time thermal cycler, Light Cycler ® and detection system (Roche Diagnostics, Mannheim, Germany). For detection of the amplification products, LightCycler-DNA master SYBR green I (Boehringer Mannheim, Mannheim, Germany) was used as described previously (29) . Briefly, a 20 μl reaction volume containing 2 μl of cDNA and 0.2 μmol/l of each primer was applied to a glass capillary. The primers used were as follows; human VEGF (forward, 5'-AAGCCATCCTGTG TGCCCCTGATG-3'; reverse, 5'-GCGAATTCCTCCTGCC CGGCTCAC-3'), human ANG1 (forward, 5'-AAATGGAA GGAAAACACAAGGAA-3'; reverse 5'-ATCTGCACAGT CTCTAAATGGT-3'), human ANG2 (forward, 5'-GACGGC TGTGATGATAGAAATAGG-3'; reverse, 5'-GACTGTAG TTGGATGATGTGCTTC-3') and human ß-actin (forward, 5'-GAAAATCTGGCACCACACCTT-3'; reverse, 5'-GTTG AAGGTAGTTTCGTGGAT-3'). PCR cycle conditions were set as described previously (35) . The annealing temperatures of ANG1, ANG2, VEGF and ß-actin were 53˚C, 51˚C, 56˚C and 58˚C, respectively. A quantitative analysis of mRNA was performed using LightCycler ® analysis software (Roche Diagnostics). The expression level of each angiogenic factor was normalized to the level of ß-actin mRNA. We compared the ratio of ANG1/ß-actin, ANG2/ß-actin, VEGF/ß-actin and ANG2/ANG1 between each treatment group.
Statistical analysis. Data are expressed as mean ± SD or SEM. Statistical analysis was performed using the StatView J-4.5 program (Abacus Concepts, Inc., Berkeley, CA). The tumor volume of each treatment group was compared by ANOVA. The unpaired Student's t-test was used to examine the difference in cell proliferation, apoptosis, MVD and expression of VEGF, Ang-1, Ang-2 proteins and an mRNA ratio between each group. A p-level <0.05 was considered statistically significant.
Results

IFN-α and 5-FU combination therapy for HCC xenografts.
The growth curve of the implanted tumor in each group is shown in Fig. 1 . On day 27, the tumor volume of the control group was 3.8±1.2 cm 3 and those of the single agent IFN-α and 5-FU groups were 2.8±1.6 and 2.5±1.2 cm 3 (mean ± SEM), respectively. While the single agent therapy reduced the tumor volume compared with the control group, these differences were not statistically significant. The tumor volumes of the combined therapy group were 1.4±0.4 cm 3 and were significantly smaller in size than those of the other groups (p<0.05). The body weights of mice after removing xenografts on the 27th day in the control, IFN-α alone, 5-FU alone and the combination group were 14.8±1.2, 14.3±2.6, 14.3±1.5 and 14.4±1.8 g, respectively (mean ± SD). There were no significant differences between the weight of the mice in each group.
IFN-α and 5-FU combination therapy inhibits tumor cell proliferation and angiogenesis and induces apoptosis.
Examining cell proliferation, PCNA-positive cells in the control group was 81.6%, while the percentage with IFN-α or 5-FU treatment alone was 72.5% and 70.8%, respectively. In the combination therapy group, the cell proliferation was (Fig. 2) .
The MVDs of tumors in the control group were 29.6±2.9, in the IFN-α alone group 18.1±2.9, in the 5-FU alone group 22.0±3.8 and in the combination therapy group 10.3±2.1, respectively. MVD was not significantly reduced in the group treated by 5-FU alone but was in the group treated by IFN-α alone or by the combination of IFN-α and 5-FU. Furthermore, MVD in the combined therapy group was significantly reduced relative to the other groups (Table I and Fig. 3 ).
Immunohistochemical analysis of angiogenic factors.
We evaluated the protein expression of tumors in each treatment group by immunohistochemistry. Representative samples of immunohistochemical staining of Ang-1, Ang-2 and VEGF are shown in Fig. 3 . The expression of Ang-2 and VEGF were significantly decreased in tumors of mice treated with IFN-α and 5-FU compared with tumors of control mice or from mice treated with IFN-α or 5-FU alone. The expression of Ang-1 was significantly increased in tumors of the IFN-α and 5-FU combination therapy group (Table I) .
ANG2/ANG1 mRNA expression ratio in tumors of mice treated with IFN-α and 5-FU. ANG1, ANG2
and VEGF mRNA levels in the combination therapy group were 2.17±1.66, 1.13±0.78 and 1.46±0.66, respectively. ANG2 and VEGF mRNA levels in the combination therapy group were lower than that of IFN-α or 5-FU alone, but these differences were not significant. The ANG2/ANG1 mRNA expression ratio was significantly lower in the combination therapy group compared with the group treated by IFN-α alone or the control group (Fig. 4) .
Discussion
In the present study, we investigated the mechanism of the anti-tumor effect of IFN-α and 5-FU combination therapy using a nude mouse xenograft model. The administration of IFN-α combined with 5-FU three times per week significantly inhibited the growth of human hepatocellular carcinoma cells injected subcutaneously into nude mice. Interferon monotherapy or combination therapy with various chemotherapeutic agents in other solid malignancies is well documented in various in vivo models (7, 9, 12, 30) . As reported previously, daily or three times weekly injections of IFN-α was necessary to produce therapeutic effects. With regard to the dosage, a total dose per week of 35,000 to 70,000 units of IFN-α inhibited tumor growth and angiogenesis of xenografts in nude mice (30) . In HCC, Hisaka et al (36) reported that a subcutaneous injection of 10,000-1,000,000 units of IFN-α decreased tumor volume in vivo in a dose-dependent fashion. In the group with a daily administration of 10,000 units of IFN-α, the volume of the xenograft of human HCC cells was reduced to about 60% of the control. Therefore, we determined that the schedule for treatment with IFN-α would be three times per week, since this was recently used clinically and the dose would be 20,000 units/body. The maximum tolerated dose of 5-FU in nude mice was 60 mg/kg, in a schedule of three injections every 4 days (32). The standard and widely used regimen for 5-FU is 20-50 mg/kg per injection and a total dosage per week of about 100 mg/kg (31, 33) . We determined that 5-FU would be administered IP three times per week at a dose of 30 mg/kg. In our study, single agent treatment (SC injection of IFN-α or IP injection of 5-FU alone) inhibited tumor growth compared with the control group, but the difference was not significant. We confirmed that IFN-α and 5-FU combination therapy significantly inhibited tumor growth compared with other groups. However, an orthotopic model by placing the cells in the hepatic parenchyma might be necessary to reveal the mechanisms of anti-angiogenic effects of IFN/5-FU combination therapy. The dosage and schedule of IFN-α and 5-FU used in our study were standard, clinically used and the estimated volume of the tumors after using a combined therapy for 4 weeks was 38% of those of the control group. In another study of IFN-α monotherapy, comparatively higher doses of IFN-α were needed to reduce tumor volumes to half of those of the control group (36) . These phenomena emphasize the high anti-tumor effects of IFN-α and 5-FU combination therapy.
Our results demonstrated a significant decrease in PCNA-positive proliferating cells and an increase in TUNEL- Table I . MVD and the expression of angiogenic factors in each treatment. 
The data showed mean ± SD. -
positive apoptotic cells in the combination therapy group, in agreement with our previous studies (27, 28) . IFN-α has an anti-proliferative effect and the combination of IFN-α and 5-FU synergistically induces cell cycle arrest and up-regulation of p27Kip1 in vitro (27) . In our recent study, the IFN-α and 5-FU combination therapy induced apoptosis and upregulated the expression of various apoptosis-regulated proteins, including Bcl-2, Bcl-xl and Bax (28). Kojiro et al reported that anti-proliferative effects of IFN-α and 5-FU in combination on a hepatocellular carcinoma cell line were attributable to the enhanced induction of S-phase arrest and apoptosis (37) . These results are consistant with our present results.
We also examined the anti-angiogenic effects of IFN-α and 5-FU combination therapy, because angiogenesis is essential for tumor growth and metastasis (38) and HCC is one of the most hypervascular tumors. IFN-α has anti-angiogenic properties in clinical tumors such as Kaposi's sarcomas (15) , infantile hemangiomas (13) and some vascular-rich malignancies, melanoma, renal cell carcinoma and neuroendocrine tumors (14) . Immunohistochemical analysis showed a significant decrease in CD34-positive cells (and therefore MVD) in the combination treatment group. Both in vitro and in vivo, IFN-α inhibited the transcription and production of pro-angiogenic molecules. Previous studies showed that IFN-α decreased the production of major proangiogenic factors such as VEGF (7, 12) , b-FGF (11), MMP-2 and MMP-9 (8,9), and IL-8 (10). Marschall et al (7) previously reported that the therapeutic effects of IFN-α on neuroendocrine tumor cells were based on Sp1-and/or Sp3-mediated inhibition of VEGF transcription both in vivo and in vitro. In pancreatic cancer cells, IFN-α combined with the chemotherapeutic agent gemcitabine, induced apoptosis of tumorassociated endothelial cells and decreased the local production of pro-angiogenic molecules from tumor cells (12) .
The present data confirmed that the use of a combination therapy in an in vivo mouse model resulted in significant reductions in VEGF and Ang-2 protein expression and an increase in Ang-1 protein expression. We reported previously that cooperation between Ang-2 and VEGF plays an important role in enhancing the formation of new blood vessels in hepatic metastases of colorectal cancer (35) . Furthermore, VEGF and Ang-2 have been shown to play an important role in angiogenesis in HCC, in our reports and those of others (34, (39) (40) (41) . Angiopoietins have been identified as a new family of endothelial growth factors and comprises ligands for the vascular endothelium-specific tyrosine kinase receptor Tie2 (42) (43) (44) . Ang-1, which is an agonist of Tie2 and induces its phosphorylation, serves as a survival factor for endothelial cells and promotes recruitment of pericytes and smooth muscle cells. Therefore, Ang-1 is thought to help maintain and stabilize vascular networks (45) . Ang-2 is a biological antagonist of Ang-1 and reduces vascular stability, blocking the stabilizing action of Ang-1. However, in the presence of VEGF, Ang-2 induces vascular sprouting and angiogenesis (46) . Ang-2 is markedly expressed in organs that undergo vascular remodeling, such as the ovaries and placenta (35) . Furthermore, several studies reported similar findings in various malignancies including HCC and that the expression levels of Ang-2 protein and mRNA correlate with clinicopathological factors in HCC (39) (40) (41) .
Our results showed that the combination therapy increased the mRNA levels of Ang-1 and decreased those of Ang-2. The difference in Ang-1 and Ang-2 levels in vivo was not significant. However, the Ang-2/Ang-1 mRNA ratio was significantly decreased by systemic administration of IFN-α and 5-FU. Although there is a discrepancy between the proteins and mRNA, the balance between Ang-1 and Ang-2 mRNA expressions is most important because the high Ang-2/ Ang-1 mRNA ratios in HCC were closely associated with portal vein invasion, tumor diameter, the MVD levels of HCC and the poor prognosis (41) . The exact mechanism of regulation of angiopoietins remains unknown. IFN-α exerts most of its biological activity by altering the level of gene expression in target cells. IFN regulates oncogene expression resulting in the regulation of both transcriptional and posttranscriptional events (47) . The transcriptional regulation of angiopoietins is not well characterized. Using ovarian cancer cells, Zhang et al (48) reported that tumor-derived VEGF upregulates Ang-2 in host stroma endothelial cells. Potente et al (49) recently reported that Ang-2 was exclusively regulated by forkhead box O (Foxo) 1. The Foxo subclass of transcriptional factors plays an important role in the control of cell growth, development and survival. Dephosphorylation of Foxo factors leads to the activation or repression of apoptosis-and cell cycle-related genes such as Bim, p27Kip1, MnSOD, or GADD45 (50, 51) . We previously reported that the synergistic effect of IFN-α and 5-FU was in part attributable to alterations in cell cycle progression via up-regulation of p27Kip1 (27) . We speculate that the IFN-α and 5-FU combined therapy may induce the regulation of angiopoietins, via regulation of Foxo, as well as up-regulation of p27Kip1. Further studies are needed to identify the mechanism of the transcriptional or post-transcriptional regulation of angiopoietins by IFN-α and 5-FU combined therapy.
In conclusion, we confirmed that the IFN-α and 5-FU combined therapy had anti-proliferative and anti-angiogenic effects and induced apoptosis, in human HCC cells using a nude mouse xenograft model. The synergistic and antiangiogenic effects of IFN-α and 5-FU may contribute to the anti-tumor effect against HCC, through the regulation of VEGF and angiopoietins. 
